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Discussion of 
“FIELD DATA FOR THE STRUCTURAL DESIGN OF COAL BUNKERS” 


by Herman Tachau and Ibrahim M. Mostafa 
(Proc. Sep. 430) 


HERMAN TACHAU, ! A.M. ASCE and IBRAHIM M. MOSTAFA, 2 J.M. 
ASCE—Mr. Rogers’ interest in the writers’ experiments is greatly appreci- 
ated. It is gratifying to know that he regards the agreement between meas- 
ured strains and values computed by Method C as “extremely close”. Where- 
as the writers concur in general with the discusser’s thoughtful commentary, 
they do not share his surprise at this close agreement. As a matter of fact, 
the strain measurements are definitely not as good as laboratory data. Of 
course, painstaking care must be exercised in handling SR-4 strain gages. 
The manufacturer’s recommendations were followed meticulously. All equip- 
ment was shielded against extraneous induced currents, and all connections 
were made with shielded microphone cable. Each gage was protected with 
copious application of Ceresin Wax, and the strain indicator was checked sev- 
eral times during the course of the tests. Also, in Method C the inflection 
points were located through study of the deflection curves shown in Fig. 8. 

In his Fig. 1 Mr. Rogers presents a bunker having about eight times as 
much capacity as the ones which were tested. His bunker represents a re- 
markably economic design. However, in view of the ever-present danger of 
spontaneous combustion, it seems prudent to divide his bunker into several 
compartments by addition of interior partitions, especially when strip-mined 
coal is to be stored. 

Close spacing of the vertical stiffeners serves to limit the deflections of 
the bunker sidewalls. This was a major consideration in the Marshalltown 
Plant, where the clearance between stiffeners and the outside building wall is 
very tight. The new bunkers are attached directly to the exterior building 
columns rather than being connected through diaphragms as in the prototype. 
This simplification was made possible by reducing the stiffener size, a deci- 
sion which could hardly have been reached without the field tests. Thus, com- 
plicated connection details were eliminated, effecting considerable savings. 

The writers were under the influence of design-office thinking to the extent 
that the location of SR-4 gages was based entirely on Method A, i.e. regarding 
the stiffeners as simple beams. To reconcile observed data with computed 
values necessitated taking continuity into account. Therefore, Methods B and 
C were developed. Because of this misconception, no strain gage was placed 
at the Bend Line. This is regrettable, but it leads to this conclusion: When 
elementary structural analysis fails, a few comparatively simple field meas- 
urements can contribute much toward a better insight into the actual behavior 
of the structure. It should be emphasized that expensive large-scale research 
is not required to furnish the desired information. 


1. Bridge Designer, New Mexico State Highway Dept., Santa Fe, N. Mex. 
2. Graduate Student, Dept. of Civ. Eng., Massachusetts Inst. of Technology, 
Cambridge, Mass. 
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Discussion of 
“LABORATORY TESTS OF HIGH TENSILE 
BOLTED STRUCTURAL JOINTS” 


by W. H. Munse, D. T. Wright, and N. M. Newmark 
(Proc. Sep. 441) 


W. 4H. MUNSE, ! A.M. ASCE, D. T. WRIGHT, 2 J.M. ASCE, and N. M. 
NEWMARK,? M. ASCE—The authors wish to express their appreciation to 
Professor Francis for his discussion. Because this paper was part of a sym- 
posium, the authors did not review the voluminous previous literature, sev- 
eral references to which are given by Professor Francis. In our opinion the 
major impetus to the use of high tensile strength bolts in structural connec- 
tions came from Professor W. M. Wilson’s work at the University of Illinois. 

Although a number of pertinent questions have been raised by Professor 
Francis, a review of the various papers in the Symposium on Bolted Joints 
that was presented at the ASCE Centennial Convention and perusal of some of 
the references noted by the authors in their selected Bibliography, will show 
that there is no need for the concern he has expressed. It will be found that a 
tremendous amount of laboratory and field information, accumulated since 
1947, is now available on the behavior of structural connections which have 
been assembled with A-325 bolts and hardened washers in accordance with 
recommended practice.* 

Bolted connections in A-7 steel assembled in accordance with present 
specifications contain the same number of A-325 bolts as a similar joint as- 
sembled with A-141 rivets and not a smaller number as suggested by Profes- 
sor Francis, in spite of the fact that the bolts are nearly twice as strong as 
the rivets. Thus, even in large long joints it has been found that a high ten- 
sile bolted joint is at least as strong as a similar riveted joint whether sub- 
jected to static or repeated loads. At some later date, it may be desirable to 
consider the use of greater working stresses in the bolts but, as noted by the 
authors, this might produce connections in which slip would occur at stresses 
below the working stresses unless precautions are taken to prevent this slip. 

All of the studies reported by the authors were conducted on ASTM A-7 
steel using ASTM A-325 bolts. Consequently, the statements concerning bal- 
anced design were based on the use of these two materials. The use of ma- 
terials of different strengths, as noted by Professor Francis, would certainly 
require a re-evaluation of the shear-tension ratio for balanced design, if 
such a balance was desired. It is important, however, to realize that the be- 
havior of a bolted connection depends on the proportions of the connection 
and, as a result, the shear-tension ratio. For this reason, the selection of 


Research Associate Prof. of Civ. Eng., Univ. of Illinois, Urbana, IL. 
Lecturer in Civ. Eng., Queens College, Ontario, Canada. 
Research Prof. of Structural Eng., Univ. of Mlinois, Urbana, Ill. 
“Specifications for the Assembly of Structural Joints Using High Tensile 
Steel Bolts”, Specification of the Research Council on Riveted and Bolted 
Structural Joints, February 1951 revised February 1954. 
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design stresses for such connections must be made only after the behavior 
and the variables affecting this behavior are understood. 

Although only three riveted specimens were used in the comparisons of 
fatigue strengths presented in the paper, it was found that the resistance of 
these members to repeated loads was typical of the results obtained on a 
great many other riveted members. Reference to the voluminous literature 
on fatigue tests justifies the conclusions which were drawn concerning the 
superiority of bolted joints subjected to repeated loads. During the fatigue 
tests of the bolted connections, other observations were made which helped 
to demonstrate the superiority also, but publication limitations would not per- 
mit any more than the brief summary presented by the authors in their paper. 
Nevertheless, in all of the laboratory studies conducted to date by the authors 
as well as by other investigators, the connections assembled with A-325 bolts 
have demonstrated that this method of fabrication produces sound and 
efficient structures. 
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Discussion of 
“SAFETY AND THE PROBABILITY CF STRUCTURAL FAILURE” 


by A. M. Freudenthal 
(Proc. Sep. 468) 


LLOYD S. LAWRENCE, ! A.M. ASCE.-—The application of the concept of 
probability to the study of factors of safety as presented by Prof. Freuden- 
thal should be of great interest and benefit to the profession. The paper 
should lead to a better understanding of the physical significance of the 
factor of safety, even though the practical application of the results in many 
cases may be difficult at present, primarily due to an inadequate knowledge 
of the relative frequency of many types of loads. 

The relationship between the factor of safety and the probability of failure 
covered under Section 12 entitled “Analysis of Failure and Survival: Safety 
Factors” appears to be of primary importance; consequently this discussion 
will be limited to this portion of the paper. It is unfortunate that Prof. 
Freudenthal did not expand this section of the paper so as to indicate more 
clearly his final conclusions. It would be beneficial if the author would in- 
clude in his closure the numerical solution of a few practical problems 
worked out in detail, so that the procedure could be understood by those not 
accustomed to work with statistical methods. 

The method of analysis leading to Figs. 10 and 11 which indicate the rela- 
tion of the probability of failure PF to the statistical parameters of the load 
effect S and the failure load (or load of unserviceability) R for Normal and 
Logarithmic-Normal distribution is correct, and integration to obtain the 
volume indicated would lead to the true probability of failure. However, it 
should be made clear that Sg and Ro as used in the equations for Logarith- 
mic-Normal distribution are the geometric mean values of S and R, respec- 
tively, and not the arithmetic mean values as implied by the definition given 
for the case of the Normal distribution. 

Although the method of attack given in the paper leads to the correct eval- 
uation of the probability of failure, it appears to be a rather devious solution, 
since the total probability of failure can be more easily obtained directly 
from the usual statistical parameters, without the introduction of additional 
frequencies such as pp which require computation. 

In cases where the Normal frequency function applies to both S and R, 
the total probability of failure Pp (including all “quadrants of failure”) is 

-1x 


merely the area under the Normal frequency curve, p(x) = e 2 , from 


x =p to x = co, in which Sg and Ro are the arithmetic means, and 0g and 9p 
are the standard deviations of S and R, respectively, and 


1. Engr., Jackson and Moreland, Engrs., Boston, Mass. 
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L 


from Eq. (22), i.e. 


This area can readily be obtained from tables of the Normal frequency 
function. 

The above may not be evident from the paper, but can easily be derived as 
‘ollows: 


If x= oc , the probability of the load S being such that the corresponding 


x value lies between limits the difference of which is equal to dx is: 


p(x) dx = mtie 2 dx 


V2TT 


R- 
If w = 5a , the probability of the failure load R being equal to S ; r and 


being such that the corresponding w value lies between limits the difference 
of which is equal to dr/op is: 


p(w) £ = dr, 


1 
evaluated for w obtained from R =S +r. 


we a when R = S +r, but S = gx + So which upon substitution 
gives w = ze x- o-Bo-r) . Substituting this value of w in the above expres- 
sion for p(w) dr/op gives 


ae 


> 
a 


ar’ 


for the probability of the failure load being as assumed above. 

The probability of the above noted events occurring simultaneously is 
equal to the product of their probabilities. Integration with respect to x be- 
tween the limits -oo to +o of the resulting expression gives the total proba- 
bility of the failure load being equal to S + r and being such that the corre- 
sponding w value lies between limits the difference of which is equal to dr/op. 
It follows that the relative frequency of R being equal to S + r is: 
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p- 
ax. (32) 
1 2 


2 
x =| 
R 


P(r) = e (33) 


Integration of Eq. (33) by combining exponents and completing the square 


Therefore, the probability of r being equal to or less than zero which is the 
probability of failure is 


277 


Transformation of Eq. (34) gives Eq. (32). 

The same conclusion could have been arrived at by application of statisti- 
cal theorems? regarding the frequency function of the sum or difference of 
two variables which are normally distributed. However, the procedure used 
in the derivation given above can be applied directly to cases in which the fre- 
quency function is not normal. 

It is of interest to note that for the hypothetical case. where So = Ro, the 
lower limit of integration in Eq. (32) becomes 0, and PF = 0.5. 

As pointed out by the author in Section 6 entitled “Random Variation of 
Standard Load Intensity”, it is quite often expedient to take the probability of 
the load being So as unity. For this limiting case 0g equals 0 and Eq. (32) 
becomes: 


which is obviously the probability of R being less than So since, when 
a _ S0-RO 
R = So, w= oR 
Although there is no possibility of a structure in which the failure load can 


be determined with certainty, it may be of mathematical interest to investi- 
gate this condition. For this limiting case %p equals 0 and Eq. (32) becomes: 


2. See for instance Introduction to the theory of Probability and Statistics 
Neils Arley and K. Rander Buch, John Wiley & Sons, (1950), p. 87. 
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fom 
gives: 
p(r) = 
dr (35) 
- 00 
Sopp 
2 2 


x 
= e dx 
Os 


which is obviously the probability of S being greater than Ro since, when 
S = Ro, x= Ro-So 
For the cases where the Logarithmic-Normal frequency function applies 
to both S and R, the total probability of failure Pf is equal to the area under 
the normal frequency curve, 


p(x) = e 2 from 


Log(Ry 1 


Eq.(25))to x =0o , where Sog and Rog are the geometric means of S and R, 


x= 


respectively or Log Sog or Log Rog are the arithmetic means of the Loga- 
rithms of S and R, and °Gg and Op, are the standard geometric deviations of 
S and R respectively or Log ogg and Log Og are the standard deviations of 
the logarithms of S and R. 

The above can be deduced from the previous derivation for the case of 
Normal distribution, for if S and R in this derivation had been defined as the 
logarithms of the load and the failure load, the logic and equations would still 
be correct. The means and standard deviations would then refer to the 


logarithms and would become 


R 
¥ 1+(05/oR)? 


Log Ro, 1 


Log Op 
Vir(Log 05,/Log 


Solutions for extreme value distributions and for many other types or 
combinations of frequency functions could undoubtedly be derived by a simi- 
lar procedure. For functions where this procedure would involve the solution 
of integrals that could not be expressed simply, or at all, in terms of known 
functions, the solution for particular cases can be obtained fairly readily by 
numerical integration methods. In this case it appears to be advantageous to 
attack the problem in a somewhat different manner as follows: 

If p(S) = the frequency function of S and p(R) = the frequency function of R, 
such that the areas under the p(S) vs. S and p(R) vs. R plots are each unity, 
the probability of S being within limits the difference of which is equal to dS 
is p(S) dS and the probability of R being less than this value of S is equal to 


JS - p(R) dR. The probability of both events occurring simultaneously is 
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Ss 
equal to p(S) [ p(R) «| ds. 
-@ 


Therefore the total probability of failure is 


co cr 
P, [ p(s) [ [@ a | dS . (36) 


To determine PF a plot or tabulation of p(S) | [oe =| versus S can 


be made. The value of the integral appearing in above expression can ordi- 
narily be easily obtained. The probability of failure Pp is then obtained by 
taking the total area under this plot by methods of numerical integration or 
by the use ofa planimeter. 

It may be desirable to express the above equation in terms of dimension- 
less variables, which can easily be accomplished by direct substitution. For 
instance, if it is convenient to use the deviation in terms of the standard de- 
viation as for the normal frequency functions, p(S) dS = p(x) dx, p(R) dR = 
p(w) dw and when R = S, w =78 x. (Ro-So) > 

oR R 
Therefore Eq. (36) becomes: 


we 
om 
= [|  plw) dw dx, (36a) 


As an illustration of the use of the foregoing equations, the solution of a 
hypothetical example is given below. 
Ex: Find the probability of failure given that 7g = 0.25 So, Op = 0.1 Ro and 
the safety factor v = Ro/So = 1.25, (purposely taken low to illustrate the high 
probability of failure associated with the low factor of safety). 

Solution by Eq. (32) 


From tables of the normal frequency function the area of the normal curve 
from x = 0.8944 to x = co equals Pfr = 0.1856. 

Although Eq. (36a) is intended for use only for frequency functions or 
combinations of frequency functions for which the equivalent of Eq. (32) could 
not readily be obtained, the above example has been solved by this method 
also. Using Simpson’s rule for the evaluation of the last integral, with 
4x = .5 from x = -1 to +4, gives Pfr = 0.1849 which differs from the exact 
answer from Eq. (32) by only 0.4%. 

Eq. (32) applied to the example given in the paper, using the computed 
ratios of S9/Ro of 0.38 and 0.47, gives values for the total probability of 
failure Pf of 0.40 x 10-6 and 0.56 x 10-4 respectively. These values are 
somewhat higher than the corresponding values of 0.3 x 10-6 and 0.3 x 10-4 
given in the paper, which apparently include only the portion contributed by 
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= 
4 


the “quadrant of probable failure” as mentioned in the paragraph following 
Eq. (31). 

It does not appear to be made clear in the derivation why Pf is consid- 
ered to be the area of the normal curve beyond the ordinate po as indicated 
parenthetically in the solution of the example given in the paper. Something 
appears to be amiss here since, for the special case of normal distribution 


when RO = So, “= 0 from Eq. (22) and po = os from equation following Eq. 


(20) and from tables of the normal function the area beyond the ordinate 
= = 0.0875, while the true probability of failure for this case is obviously 
0.5 as indicated in the text following Eq. (23). In order to obtain the correct 
values of Pf (including all of the quadrants) the author should have multi- 
plied his values of po by 1/27 and then obtained Py from tables using ¥27 
po for the relative frequency. 

Also, the note on Fig. 10 which indicates that Pr < pp does ngt appear to 
be valid in general, although it would be valid in most practical cases. Note 
that when Ro = So, Pp is more than three times po. In fact when » from Eq. 


(22) is less than approximately 2.15, Pp > pp. 


OLIVER G. JULIAN,* M. ASCE.—“It is remarkable that a science which 
began with considerations of games of chance, should have become the most 
important object of human knowledge.” The truth of this quotation from 
“Theorie Analytique des Probabilitiés” is even more evident today than when 
it was written by Laplace about a century and a half ago. It seems even 
more remarkable that “the most important object of human knowledge” has 
until recently been almost entirely neglected by structural engineers. So far 
as the writer knows,** it was not until the second decade of the present 
century that the design of structures was first studied by Carl Forssell from 
a statistico-economic point of view. Even today the methods of statistics and 
the calculus of probability appear too conspicuous by their absence in many 
curricula for structural engineers. 

In the subject paper Professor Freudenthal has again*** brought out the 
obvious fact that all structural engineers should acquire a working knowledge 
of at least the elements of statistics and probability. An understanding of the 
author’s work requires considerable study; however, such study is fully war- 
ranted as it will pay dividende not only to those who make the effort, but also 
to their clients. The paper presents a broad synoptic view of the minimum 
the profession should know regarding the subject. For the preparation of 
such a view, the author has certainly earned the gratitude of the entire pro- 
fession and especially of the Society’s Committee on Factors of Safety, the 
purpose of which, as set forth in the Official Register for 1954, is “to define 
the term ‘factor of safety’ and related terms as applied to bridges, buildings 
and similar structures, to correlate factorial safety with probability of fail- 
ure, to survey the field as to currently employed factors and to recommend 
forms of these factors to be employed in the future.” Professor Freuden- 
thal’s contribution in the direction of achieving this purpose has certainly 


*Chairman, ASCE Committee on Factors of Safety, and Head of Structural 
Div., Jackson & Moreland, Engrs., Boston, Mass. 
**See reference (6) p. 128 of the Bibliography, for a concise review of early 
investigations on the subject. 
***See papers (1) and (2) by the author, listed in the Bibliography. 
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been large. However, his work will be of little avail until such time as we 
have acquired: (1) a good statistical background regarding the resistances 
of materials and structures, including dynamic and fatigue effects; (2) a 
similar background regarding loadings; and (3) the necessary competence in 
the calculus of probability. 

The author has brought out the fact, which does not appear to be generally 
recognized, that the factor of safety of a structure, as measured by the ratio 
of structural resistance to design loading, based on averages, may be fairly 
high while the probability of failure is close to one half, i.e., the odds are 
even that it will fail. The term “probability of failure” carries much more 
meaning than “factor of safety”. In fact we might well dispense with the 
latter term. Under the heading “Concept of Safety” (p. 5) the author states 
“the notion that a finite, no matter how small probability of failure, or at 
least of unserviceability is necessary associated with every reasonably ef- 
ficient design is repulsive to the majority of engineers”. Such a sentiment 
is unrealistic and reminiscent of an ostrich hiding his head in the sand. On 
the other hand, insurance underwriters having actuarial training and beiag 
realistic would be apt to disregard such terms as “factor of safety” and in- 
quire: What is the probability of a loss? Similar remarks apply to the fac- 
tor of unserviceability and probability of becoming unserviceable. A struc- 
ture may be quite safe from collapse and at the same time be unserviceable 
because it does not satisfactorily perform the functions for which it was de- 
signed. For example, if tenants vacate a building on account of what they 
feel is excessive or uncomfortable vibration, the building may be said to be 
unserviceable. 

The author’s statement under the heading “Design Procedure” (p. 2) read- 
ing in part “. . .the specification of the failure condition in terms of a [unit] 
stress cannot reflect the behavior of the structure at or close to the instant 
of failure.”, cannot be emphasized too strongly. The limiting (unit) stress 
concept on which many current specifications are based is valid only in case 
the principle of superposition and Hook’s law regarding the linear propor - 
tionality of stress to strain applies. It is far better to view the strength of a 
structure for given conditions than to view the stresses. As implied by the 
author, the values of the latter considered alone may in many cases be de- 
void of objective meaning. A structure may be safe and serviceable after 
redundant parts have failed completely. The effect of “stress raisers” in 
purely statically loaded structures may be and ordinarily is negligible. On 
the other hand, the strength of a structure subjected to varying loads over an 
extended period of time will be governed by the fatigue strength of essential 
parts corresponding to the applicable range, time-rate and duration of stress 
application. The author’s statement under the heading “Structural Analysis” 
(p. 17) reading: “For the evaluation of the limit of serviceability methods of 
elastic analysis are usually adequate.”, should be emphasized. Methods of 
design which place undue emphasis on post-elastic resistance of essential 
parts may lead to structures which are safe with respect to collapse but 
which prove to be unserviceable. It is at least desirable that upon removal 
of a load, the structure regain substantially the configuration it had prior to 
the application of the load. Also, as stated by the author (p. 19): “Most of 
the excess of the plastic collapse load over the elastic limit-load may. . .be 
lost when operating conditions of the structure require analysis for repeated 
sequences of complex loading.” In short, the post-elastic region should be 
entered with caution. 
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The statement (p. 20) reading in part: “the apparent ‘plasticity’ of con- 
crete subject to high compressive stresses is the manifestation of an inter- 
nal disruption of the material, starting far below the conventional ‘compres- 
sive strength’ obtained in the relatively high speed standard tests, rather 
than plastic flow of a type occurring in metals.”, sounds reasonable and cau- 
tions us not to place undue confidence in the so called “plastic theory” of 
concrete design, especially if load repetitions are involved. The writer is 
inclined to disagree with the statement (p. 20) to the effect that the relaxation 
of the prestressing force in a concrete beam reduces the failure load. Such 
relaxation without doubt reduces the limit of serviceability, but it is not ap- 
parent why it should reduce the failure (collapse) load. 

Under the heading “Random Variation of Standard Load Intensity” (p. 8), 
the author states that the maximum values of certain types of loads, such as 
floor loads in warehouses, fluid loads and pressures in storage tanks and 
train loads on railroad bridges can be specified in a non-statistical manner. : 
Having in mind that in many cases the collection and interpretation of ade- 
quate statistical data pertaining to loads is indeed difficult if not impossible 
and especially that the values may change substantially after a structure is 
built, and that such changes can only be anticipated by the employment of 
engineering judgment, the writer inclines to the view that the author’s state- 
ment might well be extended to include many other types of loads such as 
floor loads in power houses, traffic loads on highway bridges, loads on run- 
ways of airports, etc., etc. It is only in case that adequate data, such as for 
example that pertinent to water loads on dams made from long time records 
- including allowances for floods which may occur during the useful life of 
the structure - are available that we are warranted in employing a statistical 
approach as to the values of loads. The analysis can be no better than the 
data on which it is based. Perhaps in most cases we would be at least as 
well off to estimate the values of design loads by means of engineering judg- 
ment and consider the probability of occurrence of such values as unity. In- 
cidentally this procedure simplifies the problem of analysis and design 
somewhat. 

The method of exhibiting the relation between strengths of materials (or 
magnitude of loads) and probability of occurrence on various types of proba- 
bility paper used by the author has definite advantages. It greatly facilitates 
extrapolation beyond the range of the tests. As stated by the author, such 
extrapolation is of prime importance when considering extreme probabilities. 
However, the author’s exhibits do not give one as direct and realistic overall 
view of the situation as when the same data is plotted to natural scales. Fig. 
A of this discussion was made from the same data (plus 188 typical tests) as 
the author’s Fig. 8. 

In Fig. A the rectangular cells, drawn in dots, extending above the axis of 
abscissas represent the histogram of the test results. The width of these 
cells has been taken as .6745 of a standard deviation of the compressive 
strength or .6745 of the coefficient of variation in percentage deviation from 
the median. (This width was chosen because it corresponds to a probable 
deviation of a Gauss-Laplace distribution.) The figures shown in circles in- 
dicate the number of test results pertaining to each cell; the corresponding 
relative frequencies in percentages are given as ordinates. The curve drawn 
in solid lines represents the probability of occurrence. The ordinates per- 
taining to this curve indicate (1) the percentage of total number of samples 
testing below the value indicated by the corresponding abscissa to the left of 
the median, and (2) the percentage of total number of samples testing above 
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the value indicated by the corresponding abscissa to the right of the median. 
Pertinent figures regarding this set of tests are as follows. 


Standard deviation 540 psi 
Coefficient of variation 10.4% 

Highest test 6,980 psi 
Average 5,180 psi 
Lowest 3,810 psi 


The strength f', used in design of the structures on which this concrete was 
placed was 3,825 psi. However, the control of the concrete was aimed at a 
minimum strength of 4,500 psi. It will be noted that approximately 10% of 
the test results fell below this latter figure which is midway between the 
median and the lowest test. The writer has found such figures to be typical 
for cases in which special care is taken as to control. 

In Section 12 headed “Analysis of Failure and Survival: Safety Factors”, 
(p. 26 to 32) the author has all too concisely given methods for correlating 
factors of safety v = Ro/So and the associated probabilities of failure Py, in 
terms of the coefficient of variation pertaining to resistance 0R/Ro and load- 
ing effects ag/Sg. He has also indicated how PF can be approximated with- 
out involving v. It is hoped that he, in his closing discussion, will present 
numerical examples including cases pertaining to the log-normal and ex- 
treme value functions, worked out in detail. The writer believes that it 
should be emphasized that V is the minimum factor of safety required to 
assure that a chosen probability of failure Pp is not exceeded, the actual 
factor of safety pertaining to an existing structure may be quite different. If 
one accepts the expressions pertaining to the types of relative frequency 
functions given and further accepts the well known principle that if the fre- 
quencies are independent they combine by multiplication as in Eq. (19), an 
understanding of this section depends on a working knowledge of geometry 
rather than on the calculus of probability. 

It is unfortunate that the author, like many others, has used the term 
“probability” as a synonym for “relative frequency”. The writer believes 
that much confusion would be avoided if when speaking about continuous func- 
tions a sharp distinction were made between these terms. For continuous 
functions a relative frequency such as f(x) can be atteeae by a line seg- 


ment (such as an ordinate), a simple chee such as i f(x) dx, by an 
area and a compound probability such as f Is f(x)-f(y) dxdy, by a volume. 


The latter expression can usually be reduced to a single integral so as to 
have the appearance of representing an area, but it still represents a volume 
of unit depth. Fig. 10 represents a surface of revolution, the axis of which is 


at 0 where the ordinate, normal to the paper, equals <— : . The circles repre- 


an 
sent contour lines of equal relative frequency. The total volume under the 
surface represents the probability of failure plus the probability of survival 
and must of necessity equal unity. Any section normal to the paper has the 
shape of a Gauss-Laplace frequency curve. Such sections as include the axis 
of revolution can be normalized by multiplying the ordinates byy/27 there- 
by making the area of the section (extending from - co to +o) equal to unity. 
Portions or the whole of the volume represented by these areas times unit 
: depth (normal to radi) are compound probabilities. 
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It appears advisable to extend the author’s notation slightly as follows: 
In Fig. 10 designate the radial line passing thru the points 0 and (xo, yo) ex- 
tended as the / axis and let the distance along this line from 0 to (xg, yo) be 
termed 9. The Eqs. (22) and (22a) can be written 


22b 
V=2 (22c) 


in which A = 1- p09? (op/Ro)? and B = (og/Sp)2. It will be noted 
that A-B is less than unity. Special cases of Eq. (22c) for a few ratios of 
to Op/Ro are tabulated below. 


(1-m2(1-a)J ? 


as 
Qe 


(1+ ) 


A 
A 
A 


It can be shown that 


1 2 
2° (A) 


A detailed proof of the principle involved here applicable to any rational fre- 
quency function has been given in discussion by Lloyd S. Lawrence, A.M. 
ASCE, and as applicable to the Gauss-Laplace function in discussion by Jose 
M. Corso, J.M. ASCE (See also reference (a) of this discussion, paragraph 
7.5, p. 87). Also, it will be noted that Eq. (A) follows from the corresponding 
normalized frequency function, 


p* 
f(p) = = e 2 The validity of 


Eq. (A) is obvious for limiting conditions such as p = 0 or 0g = 0 and upon 
reflection appears to be almost intuitively evident in general. 
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Equation (22b) or (22c) together with Eq. (A) are sufficient for the corre- 
lating of v and Py. In practice the problem is usually posed in one of two 
alternative forms: (1) given Ro, So, 7p and dg to find Py; or (2) given PF, 
7 R/Ro and ds/So to find v. For case (1) 99 can be calculated by Eq. (22b) 
and the corresponding Pf then obtained from probability or error function 
tables.* For case (2), 99 corresponding to Pf can be obtained from such 
tables and vy then calculated by Eq. (22c). 

Taking Pp = .5x 10-6 the corresponding (9 is found from tables to be 
4.9. Taking Pp = .6x 10-4 the corresponding 0 is found to be 3.85. The 
values of v calculated by means of the formulas tabulated above, assuming 
that oR = .1 Ro are indicated below. 


Minimum Required Factor of Safety 
For 6 For P 
Pp x 10~ Py = x 


fo = 4eY = 3485 


It will be noted that the values of op and Op used in the above are identical 
with those used by the author in his numerical examples on p. 29, and that 


the values of v corresponding to a ow = 2 (the value used by the author) 


are practically identical with his values. However, although the values of 

PF are of the same order of magnitude as the author’s, the writer’s values 

are considerably higher than those given in the paper as maximum estimates. 

The differences are believed to be due to the author’s not normalizing his 

po function and then determining Pp from the normalized function. The ef- 

fect of this normalizing process increases as ’ decreases and PF increases. 

In view of the above, the author’s comment at the foot of p. 31 and continuing 

on p. 32 to the effect that calculated values of probabilities of failure and 

survival are not complete would appear to be unnecessary; Eqs. (A), (22b) 

and (22c) take account of the contributions of all quadrants toward failure. 

The comments made above regarding treatment of the Gauss-Laplace fre- , 
quency function and the corresponding volumes representing probabilities of | 
failure also apply with necessary modifications as to detail to other types of 

functions. 


*Such as listed in references (b) and (c) of this discussion. Unfortunately 
these tables do not give Pp directly in terms of P9; however, conversion to 
the required terms is quite simple. When using error function tables note 
that po =/2 x and that 


x 2 
Pr =2 (2 - z-/ e” da , in which o and x pertain to the func- 
+o 


tions as tabulated. The use of tables giving Pp to at least nine decimal 
places greatly tacilitates the work. 
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AR 
0 2.0 1.6 
a 22 1.8 
2 26 2-1 
3 3-1 2.5 


It will be noted that knowing Ro, S0, 0R and 0g, Py can be calculated 
easily by means of Eq. (22b) and (A) without involving Y and Eq. (22c) which 
is simply another form of Eq. (22b). Also knowing Pp, 7p,and 0g and Ro (or 
So), Eqs. (A) and (22b) are sufficient for the calculation of Sg or Ro. These 
procedures would simplify the labor of analysis or design. The value of the 
popular but somewhat misleading v is obvious if Rg and Sp are known; how- 
ever, knowledge as to its value adds little if anything to the evaluation of 
safety. 

In the numerical examples outlined by the author on p. 29 and in this dis- 
cussion, the value of OR = .1 Ro used may be low for many cases. The 
writer inclines to the view that it approximates a minimum value which 
should only be used provided one is assured of good control conditions. For 
the concrete represented by the author’s Fig. 8 and Fig. A of this discussion, 
oR = .104 Ro, this has been characterized as reflecting good control. How- 
ever, for the concrete represented by Fig. 9, which was mixed, placed and 
cured under “difficult conditions”, 0p = .26 Ro. The latter case may be 
more nearly typical of common practice than the former. For the yield 
strength for structural steel as represented by mill test reports the distri- 
bution of which is shown on Fig. 6, 0p = .0875 Ro. Considering variations 
not reflected by mill test reports, this figure for 7p might well be 25% 
higher. The coefficient of variation pertaining to concrete reinforcing steel 
is considerably higher than that pertaining to structural steel. Considering 
the great mass of literature, including text and reference books published on 
properties of materials, the scarcity of data regarding variations in strength 
and other properties, in such form as can be used in statistical or probability 
studies is remarkable. Reference (d) of this discussion is one of the few 
sources known to the writer in which such data are given. 

The author, in the Bibliography, has given a fairly extensive list of refer- 
ences which might well be extended to include: 

(a) Introduction to the Theory of Probability and Statistics by Niels Arley 

and K. Rander Buch, Wiley & Sons Inc., (1950). 

(b) Tables of Normal Probability Functions, National Bureau of Standards 
Applied Mathematics Series, No. 23, (1953). 

(c) Tables of the Error Function and its Derivative, National Bureau of 
Standards Applied Mathematics Series, No. 41, (1954). 

(d) Statistical Methods in Concrete Research by P. J. F. Wright, pub- 
lished in Concrete Research Number 15, March 1954 by Cement and 
Concrete Association, 52 Grosvenor Gardens, London S.W. 1, England. 

(e) Statistics with Applications to Highway Traffic Analysis by B. D. 
Greenshields and F. M. Weida, published by the Eno Foundation for 
Highway Traffic Control, Saugatuck, Conn. (1952). 

(f) A.S.T.M. Manual on Presentation of Data, Reprinted March 1941. 

(g) The Log-Probability Law and its Engineering Applications, by Ven Te 

_ Chow, A.M. ASCE, Proceedings Separate No. 536, November 1954. 

(h) Frequency of Maximum Wind Speeds, by H. C. S. Thom, Proceedings 
No. 539, November 1954. 

(i) Safe Stress Range for Deformation due to Fatigue, by M. Kawamato 
and K. Nishioka, ASME Paper No. 54-SA-10. 
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Compressive Strength at 28 days pss. 


Fig. A 
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JOSE M. CORSO,* J.M. ASCE.—The author must be congratulated for 
treating a subject little known to many engineers and on which little empha- 
sis has been placed in the past. The realization that the factor of safety is 
not a fixed arbitrary quantity, but that it must be gaged to the particular con- 
ditions of load, resistance, life, etc. of a given structure is most important. 
The fact that present knowledge is not, in many cases, advanced sufficiently 
to permit direct application of the methods presented by the author, does not, 
by any means, imply that they are not extremely valuable. 

In order to permit direct evaluation of the total probability of failure Py, 
in case normal frequency functions apply to both the load effect S and the re- 
sistance R, the writer has carried Prof. Freudenthal’s procedure one step 
farther. As pointed out by the author, the total probability of failure is given 
by the part of the volume under the surface p(x,y) which is cut off by a plane 
perpendicular to the x,y plane and along the line r = 0 (shaded portion in Fig. 
10). This volume may be easily obtained if a new set of orthogonal coordi- 
nate axes (u,v) is introduced, such that they have the same origin 0, as the 
axes (x,y) shown, but with the u-axis parallel to the line r = 0. Then the 
probability of failure is given by 


r = -00 
p(x,y) du av 
in which 
Therefore 
eo 
2 (ut+?) -2,? v2 
Pp = e dudv= l/e? a/e2 
2n 2r 
or 
ot 
y2r 
/p 
In which the value of 9, obtained from Eq. (22), is 
a = Ro-Sp 
Von? + 05? 


Therefore, if » is known, to determine the probability of failure Pp, the 
area of the normal distribution curve between p and co is obtained from 
available tables of the normal function. Conversely if Pp is known, p 
*Engr.,Jackson and Moreland, Engrs., Boston, Mass. 
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may be obtained from the same tables. 

This result is not surprising, since, as it is well known, if R and S are 
normally and independently distributed, the difference r = R-S is also dis- 
tributed normally with mean rg = Rg-So and standard deviation 


= + .* Therefore the relative frequency of r is 


= 1 2\e. 
p(r) jan e r 


and the probability of failure, which is the same as the probability of r < 0 
is given by 


| e 2 


y2n 


Introducing a new variable v = ror and noting that the upper limit of 
r 
integration becomes “o = p, the lower limit is + o and dv = - x , Eq. (a) 
r 


is obtained. 

The writer is particularly interested in the field of Soil Mechanics and 
Foundation Engineering. Since no structure is safer than its foundation, the 
subject of safety and probability of failure is very important in this field. 
Seldom, if ever, are enough test data available to determine the frequency 
distribution of the soil properties. Furthermore, in many cases the loading 
effect and resistance cannot be considered as independent variables and the 
interrelation between the load and the resistance, including variations with 
time, is often so complicated as to defy rigorous analysis. Nevertheless, 
these very facts should make the engineer more conscious of the probability 
of variations of estimated properties. In many cases the range of expected 
values and the relative frequency of their occurrence must be estimated from 
past experience and by the judgment of the engineer. The desired factor of 
safety must then be determined from a thorough analysis of all these con- 
siderations. When this is done, the engineer is really applying the principles 
presented by the author, although rigorous mathematical analysis may not 
be feasible. However, in some simple cases, once a set of reasonable as- 
sumptions is made, direct application of the methods and formulas presented 
by the author is practicable. An example is presented below. 

Consider the problem of a structure supported by clusters of point bear- 
ing piles driven to rock or a comparable hard layer, so that the ultimate re- 
sistance (failure load) of a pile cluster may be assumed equal to the sum of 
the ultimate resistances of all the piles in the cluster. This implies that 
after each pile reaches its failure load, it continues to carry this load until 
all the piles in the cluster have reached their respective failure loads. It 
seems logical to choose the maximum mean load per cluster in such a way 
that the probability of failure of each of the clusters in the foundation is the 


Same. 


*See for instance Introduction to Mathematical Statistics, Paul G. Hoel, 
(1946), John Wiley & Sons, p. 71. ; 
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Assume that (1) normal frequency functions apply to both the ultimate re- 
sistance R of each pile and the applied load per cluster S; (2) the value of the 
mean Ro and the ratio oR/Ro between the standard deviation op and the 
mean Ro of the pile ultimate resistance R are known, from pile loading tests 
in the area; (3) the ratio ag/So between the standard deviation og and the 
mean So of the applied load per cluster S is known from a study of the super- 
structure and foundation load, and (4) a probability of failure Pp to be used 
in the design has been determined by any of the methods proposed by the 
author. With the above assumptions, the problem is reduced to determine 
the maximum mean applied load per cluster Sp, as a function of the number 
of piles n in the cluster and the above assumed known quantities, so that the 
probability of failure of the cluster is Pp. 

Since the ultimate resistance of each pile is normally distributed and the 
ultimate resistance of the pile cluster is assumed equal to the sum of the 
ultimate resistances of the piles, the ultimate resistance of the pile cluster 
will be also normally distributed with mean R'p = nRo and standard deviation 
OR’ =VnoR2 . Therefore, when applied to the probability of failure of the 
pile cluster, Eq. (22) becomes 


.. 


+ 05? 


Solving for Sp, the following expression is obtained for the maximum mean 
applied load per cluster 


To compare clusters of different number of piles it is more convenient to use 


the mean allowable load per pile So = “9 , which is the maximum value of the 
mean applied load per pile compatible with a probability of failure Pp. Then 


The results given by Eq. (c) will be discussed after numerical examples are 
presented. 

Four numerical examples have been worked out. In all four, it has been 
assumed that Ro = 100 Ton and 0g/Sp = 0.1. This value of ag/So = 0.1 
means that the probability that the applied load S exceeds by 20% the mean 
applied load Sp, is approximately 0.023. Two values of ¢p/Ro have been 
used, 0.2 and 0.1, these values indicate respectively that approximately 15.9% 
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and 2.3% of the piles are expected to have an ultimate resistance of 80 tons 
or less. Also two values of the probability of failure Pp were used, 1 x 10- 
and 1 x 10-8, these values represent practical limits and are used to com- 
pare the results obtained. To these values of Pp correspond values of 

of 3.71 and 4.75, obtained as described before, from tables of the normal 
function. Numerical values of Sg computed from Eq. (c) for different values 
of n, are plotted on Fig. A. The corresponding values of the required mini- 


mum factor of safety with respect to the means V = a = ee are plotted on 


Fig. B for the same four numerical examples. From the plotted curves and 
Eq. (c), the following can be inferred: 


1) For a given probability of failure the mean allowable load per pile in 
a cluster increases as the number of piles increases. 

2) For large number of piles in a cluster, the mean allowable load per 
pile is not largely affected by the value of ¢p/Rg and depends mainly on the 
value of the mean Rg and the ratio ag/Sp. 

3) As pointed out by the author, a relatively small decrease in the mean 
allowable load, greatly decreases the probability of failure. For example, 
for n = 10, and op/Ro = 0.1 a reduction of the mean allowable load Sp from 
71 Ton fe 65.5 Ton, decreases the probability of failure Pp from:1 x 10-4 to 
1x 107%. 

4) If a constant minimum required factor of safety is used, the proba- 
ability of failure of the clusters with small number of piles is much larger 
than probability of failure of clusters with large number of piles. 

5) For the same probability of failure, the minimum required factor of 
safety decreases as the number of piles per cluster increases. 


Although the above listed conclusions have been known to foundation en- 
gineers for some time, they are presented as an example of the application 
of the method presented by the author to a practical problem. However, it 
must be emphasized that these conclusions depend on the stated set of as- 
sumptions and must not be generalized, as they might then lead to dangerous 
results. For instance, in the case of friction piles, the assumption that the 
ultimate resistance of a cluster of piles is equal to the sum of the ultimate 
resistances of the piles, each considered independently, is far from true; in 
this case the above obviously would not apply. It may also be noted that for 
small number of piles in a cluster and large values of oR/Ro, the mean 
allowable load per pile is small. Inspection of Eq. (c) shows that, for some 
values of the variables, negative or even complex values of Sg may be ob- 
tained. Since, only positive values of Sp have practical meaning, negative or 
complex values involving ¥-1 indicate that the assumptions do not corre- 
spond to the actual conditions. In the case treated, normal distributions, 
which are unlimited in both directions, actually do not represent accurately 
the distribution of R or S which are limited. For some combinations of the 
variables in Eq. (c), the “tails” of the distributions become very important, 
and the error involved in assuming unlimited distribution is far from negli- 
gible. In this case Eq. (c) does not apply and a solution based on limited 
distributions must be used. However, for the values of the variables found in 
actual practice, Eq. (c) will give reasonable answers and on the conservative 


side. 


E 


ot 
n=eco 


72.9 Ton 
67.8 Ton 


i 


Fig A.- Mean Allowable Load per pile (So) iin Tons vs. 
Number of Piles in Cluster (n) for Point Bearing Files. 
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V=20.4 forn=/ 


Fig 8. Minimum Required Factor of Safety with Respect 
to the Means (V=F,/ 5, ) vs» Number of Piles in 
Cluster (n) for Point Bearing Piles. 
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A. R. GIERASCH,* A.M. ASCE.—This paper is a valuable addition to the 
several treatises that Professor Freudenthal has contributed on the use of 
probability theory in evaluating the safety of structures. The combined 
treatment of loads and structural capacity in a statistical analysis results in 
a comprehensive view of a structure’s adequacy, that cannot be obtained by 
the procedures now generally used. A design based on the method outlined 
would result in a structure of balanced strength, having a specified proba- 
bility of survival under critical operating conditions. A building designed by 
this method would probably be characterized by a considerably greater 
economy of material than is attained by current procedures. 

In the field of building design, acceptance of a new fundamental concept is 
particularly slow, because of the necessity of superseding practices re- 
quired by building codes. However, the increasing publication of technical 
papers dealing with statistical treatments of loads and structural materials, 
indicates that the time is ripe for detail development of a design procedure 
having as its basis the synthesis of load and strength probabilities. Full de- 
velopment of this design method will require compilation of existing statisti- 
cal data on loads and material tests, as well as programs to fill in many 
areas where additional information is essential. Structural engineers have 
not commonly made use of statistical mathematics as a working tool, al- 
though the effectiveness of the statistical approach has long been apparent in 
scientific fields. In designing a building by the rational procedure outlined 
by Professor Freudenthal, the completion of the work with a reasonable 
amount of computation would require judgment in sizing the trial structure, 
and in grouping the test conditions for which unserviceability and failure 
loads are to be determined. In the case of buildings, it may be that design 
economics will exclude consideration of the failure condition; in the usual 
case, the allowed probability of unserviceability will be so small that the 
failure probability will be almost negligible. 

It would be most helpful if the author would furnish an example of a build- 
ing design illustrating his proposed procedure in sufficient detail so that the 
method in concrete form can be comprehended and evaluated by structural 
engineers generally. The basic paper is pithy, far-ranging, and almost phil- 
osophical in style. The addition of illustrative examples would help greatly 
to point up the implications of the procedures outlined. 


*Structural Engineer, Jackson & Moreland, Engrs., Boston, Mass. 
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Discussion of 
“RESONANT VIBRATION OF STEEL STACKS” 


by E. A. Dockstader, W. F. Swiger, and Emory Ireland 
(Proc. Sep. 541) 


CEDRIC MARSH*.—The problem of wind induced vibration is far from 
being a new one but it is equally far from being satisfactorily resolved. 

The writer encountered a case, identical to that described in this paper, 
in the design of a welded 100 ft high tubular aluminum tower with a base di- 
ameter of 4'-6". During the design stages a thorough study of the possibility 
of forced vibration was made, but although the natural frequency of towers, 
the period of wind impulses and the energy input by the wind can all be cal- 
culated more or less accurately, there is little or no information available 
on the actual energy absorbed by a tower itseif, thus making it impossible to 
establish what would be the maximum steady amplitude of the tower when 
subjected to resonant impulses. In the writer’s own case one of the design 
considerations was that when vibrating in the steady state the maximum 
stress would not exceed the fatigue strength of the welded joints, but only 
after the tower was erected and field tests carried out was it possible to es- 
tablish that the energy absorbed by the tower was sufficient to restrict the 
amplitude to the necessary limits. 

Information on the damping characteristics of towers being so scarce, it 
is worth recording that the damping decrement for this aluminum tower 
varied from 0.05 at 6” amplitude to 0.1 at a 12" amplitude, the natural fre- 
quency being 46~/min. This range is surprisingly similar to that for the 
steel stack, in spite of the different proportions of the structures, and it 
would appear that for design purposes a value of 0.i for the damping decre- 
ment may be assumed in establishing the order of the steady amplitude. 

Another feature of interest about the aluminum tower is that although vi- 
brations occur usually at wind speeds between 6 and 10 mph they also arise 
in a range of wind speeds between 40 and 45 mph, i.e. when the impulses 
from eddies are some five times that of the tower although at this wind 
speed the impulses should not be periodic. The steady amplitude is only 
very little greater than for the oscillations at the lower resonant wind speeds 
as the energy input is of the same order. 


*Aluminium Laboratories Limited, Geneva, Switzerland. 
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Discussion of 
“FOUNDATION FAILURES IN RESIDENCES AND SMALL STRUCTURES” 


by Karl V. Taylor 
(Proc. Sep. 561) 


C. H. CLIFTON,!.—Mr. Taylor’s paper contains much useful and inter - 
esting information for those engaged in the design of small structures. Un- 
sightly cracking in the superstructure is a phenomenon too often encountered 
and one which in many cases could be avoided by a little forethought. 

Where site conditions indicate that settlement is probable and differential 
settlement a possibility, it is often prudent to provide for this contingency by 
designing the strip footings as inverted tee beams. If in addition, rein- 
forced concrete continuous bands are provided at first floor and eaves level 
(assuming two story construction) the increased stiffness of the resulting 
structure will often be sufficient to inhibit cracking which might otherwise 7 
occur, and will generally prove worthwhile. 

The Author mentions the occurrence of cracking in ground floor slabs due 
to poorly compacted fill under the slab perimeter. In small structures the 
width of footing cuttings is generally not more than 3 feet, and the width of 
floor slab bearing on this(possibly) poorly filled cutting, not more than 12 
inches. The provision of a light mesh in the top of the slab will not prove 
costly and may overcome the defect mentioned. In the writers view settle- 
ment of material under floor slabs invariably occurs to some extent. For 
this reason he prefers to either divorce the floor slab completely from the 
rising walls (i.e. “float” it) or to design it as a suspended slab. Any attempt 
at compromise is unwise. The provision of an external paved apron will 
prove advantageous where lightly loaded structures rest on shallow 
foundations in soils subject to frost heave. 

Two causes of settlement failure with which the writer is sure Mr. Tay- 
lor is familiar are mentioned briefly here, as they have not been referred to 
in the paper. (i) If the house drainage connections to the public sewer are 
laid close to, and parallel to the structure, but at a lower level than the foun- 
dations, there is danger of foundation settlement due to insufficient lateral 
ground support. Where it is not possible to lay these drains at a safe dis- 
tance from the structure special precautions should be taken in backfilling 
to avoid this structural hazard. (ii) Clay shrinkage leading to foundation 
settlement may also be caused by water seeking trees such as poplars. It is 
considered that such trees should not be planted nearer to structures than 
about 30 feet. 


A. H. METCALFE, 2 M. ASCE.—As stated by the author, foundations de- 
signed to preclude settlement on filled-in ground, are usually not feasible. 
However, when unequal settlement does occur, if the residences and small 


1. Teacher in Civil Engineering, Engineering Dept., Bollin St. Tech. Inst., 
Dublin, Ireland. 
2. Cons. Engr., Rochester, New York 
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structures happen to be of frame construction, it is sometimes more eco- 
nomical to make repairs with closed-end pipe piles than to abandon the 
buildings. 

Three such cases here have come to the attention of this writer. The 
first, about thirty years ago, was a six-room, two-story house ten years old, 
situated on the site of an abandoned refuse dump. The second, some ten 
years later, was a two-story double house seventeen years old located on the 
site of an old stone quarry which had been filled in. The third, about fifteen 
years ago, was a two-story, four family house, twenty years old. This was 
only a few hundred feet away from the first case, and on the same side of 
the street. All had cellars built with concrete block walls. 

In all three cases the most severe settlement occured in the front. Symp- 
toms were the same and the damage came from the same cause. Cellar 
walls had cracked and masonry blocks had become dislocated. Floors, 
walls, and partitions had sagged, accompanied by spalled-off plaster. All 
were in poor condition and occupancy had ceased. Actual settlement was 
considerable as this writer can recall taking measurements of the slope of 
the floors which in one instance was as much as three-quarters of an inch 
vertical to one foot horizontal. Rubbish forming a layer probably several 
feet below the cellars, had shrunk. Corrective measures in all cases were 
practically identical. 

Superstructures were first jacked to a level and plumb position and 
shored. To arrest further settlement, foundations were strengthened. This 
was done by first cutting chases in the cellar walls, or, where failure had 
occurred, cellar walls and footings were removed. 

Next, closed-end pipe piles, in lengths up to five feet, were jacked against 
the weight of the house into the ground below the cellar. These piles were 
located along the center line of the cellar walls and spaced from two feet to 
six feet apart. They consisted mostly of old boiler tubing, three and one- 
half and four inches in diameter, with threaded ends. Lengths of piles 
varied from eight feet to fifteen feet, depending upon the resistance offered 
in the process of jacking. Pipe tops were burned off at cellar floor level and 
capped with a continuous reinforced concrete beam functioning also as a wall 
footing. Walls were later restored and cracked plaster patched. Closed-end 
pipe piles were filled with concrete. 

The cost of repairs of the small house did not exceed fifty percent of its 
normal value. In the other two cases, the cost was not more than twenty- 
five percent of the value of similar houses in good condition. All three 
buildings are level and plump to-day and are occupied. 

To secure more stabilized foundations, the author has suggested a method 
of drilling holes in the ground below wall footings and filling these with con- 
crete. The use of closed-end pipe piles, although more costly, may, upon 
occasion, be justified on account of the deeper penetration offered. 

Such was the case twenty-five years ago. While watching the excavating 
to a depth of six feet below grade for the reinforced concrete foundations of 
a six-crypt granite mausoleum, the owner was impressed by the ease with 
which the hand digging proceeded. This took place on a hillock of loamy sand 
near here. He expressed concern over the possibility of future settlement of 
this little building, as exploring operations had disclosed that the same type 
of soil extended several feet, at least, below the foundations. 

To reduce the possibility of settlement, sixteen closed-end pipe piles 
similar in type to those used to repair the settled small house foundations, 
were employed. These were driven below the foundations around the 
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periphery of the mausoleum. These piles extended ten to twelve feet be- 
low the concrete. Each length was filled with concrete surrounding a single 
half-inch round deformed steel vertical reinforcing rod. 

Twenty years later, regardless of what proportion of theload might have 
been taken by the closed-end pipe piles, inspection indicated a structure 
level and plumb, as flawless in appearance as the day it was completed. The 
cost of these piles was less than ten percent of the total cost. 
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